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We experimentally investigate superconducting coplanar waveguide resonators in external mag-
netic fields and present two strategies to reduce field-induced dissipation channels and resonance
frequency shifts. One of our approaches is to significantly reduce the superconducting ground-plane
areas, which leads to reduced magnetic field-focussing and thus to lower effective magnetic fields
inside the waveguide cavity. By this measure, the field-induced losses can be reduced by more than
one order of magnitude in mT out-of-plane magnetic fields. When these resonators are additionally
coupled inductively instead of capacitively to the microwave feedlines, an intrinsic closed supercon-
ducting loop is effectively shielding the heart of the resonator from magnetic fields by means of flux
conservation. In total, we achieve a reduction of the field-induced resonance frequency shift by up
to two orders of magnitude. We combine systematic parameter variations on the experimental side
with numerical magnetic field calculations to explain the effects of our approaches and to support
our conclusions. The presented results are relevant for all areas, where high-performance supercon-
ducting resonators need to be operated in magnetic fields, e.g. for quantum hybrid devices with
superconducting circuits or electron spin resonance detectors based on coplanar waveguide cavities.
PACS numbers: 74.25.Ha, 84.40.-x, 85.25.-j
I. INTRODUCTION
During the last decade superconducting coplanar
waveguide structures operated in magnetic fields have
become of growing importance in different areas of re-
search. Coplanar microwave resonators are essential
parts in hybrid quantum systems consisting of super-
conducting quantum circuits and natural spin systems,
targeting advanced quantum information technology is-
sues as long-lived quantum memories and microwave-to-
optical frequency transduction of quantum states [1–6].
Amongst the natural spin systems there are spin ensem-
bles in solid state systems [7–14], ultracold atomic clouds
[15–17] as well as molecular magnets [18] or trapped sin-
gle electrons [19–21], all requiring the application of ex-
ternal magnetic fields for being manipulated, controlled
or trapped close to the resonator. Other research fields
recently using coplanar microwave structures in magnetic
fields are broadband electron spin resonance experiments
[22–26] and material characterization studies by means of
microwave spectroscopy [27, 28].
For all these research fields, low microwave losses in
the waveguide structures and a stable device operation
in external magnetic fields are desired or even manda-
tory. Without magnetic fields, low losses can best be
achieved by using purely superconducting materials for
the waveguide devices. In magnetic fields, however, com-
plications arise due to Meissner currents and Abrikosov
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vortices, both changing the complex conductivity of the
superconductor [29–32]. The sensitivity of superconduc-
tors to magnetic fields leads to field-dependent resonance
frequency shifts of the resonators and to significantly
increased losses due to an additional vortex resistivity
[33–35]. Hence, many experiments regarding the mag-
netic field induced property changes of superconducting
microwave resonators have been carried out during the
last years and different approaches to reduce or minimize
them have been investigated [36–43].
Here, we demonstrate that the performance of super-
conducting coplanar waveguide resonators in magnetic
fields with respect to field-induced losses and frequency
shifts can be significantly enhanced by a reduction of the
superconducting ground-plane size and by using induc-
tive instead of capacitive coupling. By numerical sim-
ulations of the magnetic field distributions, we demon-
strate that the reported improvements can be attributed
to a significant reduction of field-focussing effects and by
flux screening due to naturally built-in closed supercon-
ducting loops, when using inductive instead of capacitive
coupling elements. In order to avoid modifying the res-
onance mode shapes, the resonance frequencies and the
characteristic impedance of the device by the supercon-
ducting ground plane reduction and in order to suppress
the appearance of massive parasitic resonances (see Sup-
plementary Information [46]), we replace the removed
superconducting parts by normal-conducting metal on
the chip and perform a careful analysis of the additional
losses induced by this measure.
We focus on magnetic fields applied perpendicular to
the superconducting film plane here, as in this configura-
tion the fields have the highest impact to the resonator
properties but cannot be avoided for many experiments,
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2where out-of-plane fields are needed e.g. to trap ultra-
cold atoms [17, 44] or where large in-plane fields in the
100 mT to Tesla range cannot be perfectly aligned to the
chip surface, thus leading to out-of-plane components in
the mT range. Regarding hybrid quantum systems with
magnetically trapped ultracold atoms coupled to a super-
conducting waveguide resonator, our approach inherently
also satisfies the requirement for small superconducting
areas on the microchip, needed to avoid significant trap-
ping field distortions close to the chip surface [17, 44, 45].
We emphasize that, although we added normal-
conducting device elements (in order to keep the overall
microwave device geometry unmodified between different
resonator types), and although we present also an analy-
sis regarding their contribution to the overall losses, the
main results of this work are independent of such normal-
conducting elements. Thus, our results can be used to
optimize similar devices for operation in magnetic fields
without adding new loss channels in future approaches.
II. SAMPLE FABRICATION AND
CHARACTERIZATION
We have fabricated and investigated 20 different half
wavelength (λ/2) resonators, all based on the same gen-
eral layout, which is shown in Fig. 1 (a). On a 12×4 mm2
chip, there are contact pads and straight feedlines on
both sides of the meander-type resonator to send in a fre-
quency variable microwave signal with power Pin on one
side and to read out the transmitted power Pout on the
other. All resonators in our study are fabricated on r-cut
sapphire wafers with a sapphire thickness of dS = 330µm.
The resonance frequency of the fundamental mode of all
resonators is designed to be f0 = c·(2√effl)−1 = 3.3 GHz
with the effective dielectric constant eff = 5.5, the vac-
uum speed of light c and the length of the resonator
l = λ/2 = 19.38 mm.
The 20 resonators are divided into two groups of ten
resonators. The ten resonators of the first group are
coupled capacitively to the feedlines, whilst the ten res-
onators of the second group are coupled inductively, as
proposed for the realization of integrated resonator-traps
in hybrid systems with ultracold atomic clouds [44]. Ca-
pacitive coupling (CC) means that there is a break in
the center conductor between feedline and resonator as
shown in Fig. 1 (a) and (c), whereas inductive coupling
(IC) is achieved by directly shortening center conduc-
tor and ground-planes as shown in Fig. 1 (d). Strictly
speaking, our resonators are capacitively series-coupled
or inductively shunt-coupled, and there exist also com-
plementary coupling elements [47]. But for the sake of
brevity, we will omit ”series” and ”shunt” in the follow-
ing. The strength of the feedline-resonator-coupling is
given by the capacitance of the breaks and the induc-
tance of the shorts, respectively, cf. Refs. [44, 48]. In our
work, all resonators are undercoupled with external qual-
ity factors Qext > 10
5, while the total (loaded) quality
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FIG. 1: (Color online) (a) Layout of the λ/2-resonators used
in this work. The chip size is 12 × 4 mm2, bright parts in-
dicate metallization, dark parts the substrate. The particu-
lar layout shown is for capacitive coupling and a center con-
ductor width S = 50µm. (b) Cross-sectional sketch of the
normal-conducting/superconducting layer structure and the
geometrical coplanar waveguide parameters. For details see
text. (c), (d) Optical images of a capacitively (inductively)
coupled resonator fabricated by a combination of niobium, ti-
tanium and gold. The images show a part of the resonators
with S = 50µm around the left coupling capacitor (inductor).
factor, measured at 4.2 K, is on the order of Q ∼ 104.
Each of the two groups (CC and IC) are further di-
vided into two sub-sets of five resonators each. One of
the sub-sets consists of five resonators patterned from a
single layer of niobium with a thickness dNb = 500 nm
(resonators with ”extended” Nb ground-planes). The
other sub-set consists of five resonators, of which a sig-
nificant part of the niobium ground-planes was removed
and substituted by a dAu = 400 nm thick gold layer on a
dTi = 4 nm thick titanium sticking layer. The center con-
ductor and a G = 50µm wide strip of ground-plane on
each side of the center conductor still consist of niobium
in the Nb/Ti/Au resonators, but the rest of the ground-
plane extending to the edges of the chip is made of ti-
tanium and gold (resonators with “narrow” Nb ground-
planes). Between the 50µm wide niobium ground parts
and the Ti/Au parts, there is a O = 10µm wide over-
lap region to ensure a good electrical contact between
the layers, cf. Fig. 1 (b). Figures 1 (c) and (d) show
optical images of Nb/Ti/Au resonators in the vicinity of
(c) a coupling gap with width XC and of (d) a coupling
short with width XL. For an illustration of all relevant
geometrical parameters, see Figs. 1 (b)-(d). As abbrevi-
3ation, we use the letter N for pure niobium resonators
and A for the resonators with reduced superconducting
ground-plane areas.
The five different resonators within each of the four
sub-sets (CC-N, CC-A, IC-N and IC-A) differ in their
geometrical parameters of center conductor width S =
50, 40, 30, 20, 10µm, gap width W = 25, 20, 16, 11, 6µm
and coupling element size XC/L = 30, 24, 18, 12, 6µm,
respectively. Here, all five combinations of S and
W correspond to a characteristic impedance Z0 ≈ 50 Ω.
This geometry variation of S and W allows for a sys-
tematic investigation of the influence of the normal-
conducting parts on the resonator properties such as
quality factor and resonance frequency in magnetic fields.
The full and unambiguous nomenclature for a single res-
onator throughout this paper is given by coupling type-
material-center conductor width, e.g., CC-A-30 for a
capacitively coupled resonator with Ti/Au ground-plane
extensions and geometrical parameters S = 30µm, W =
16µm and XC = 18µm.
The fabrication of the resonators started with a 2 inch
r-cut sapphire wafer, on which we deposited the niobium
layer by dc magnetron sputtering. Then, we patterned
the resonators by means of optical lithography and reac-
tive ion etching (SF6). Resonators consisting only of nio-
bium were finished at this point but resonators with re-
duced superconducting ground-planes needed some more
steps. To add the Ti/Au ground-planes, we first did an-
other optical lithography step on the chips with narrow
niobium grounds, hereby covering the superconducting
parts and the gaps between center conductor and ground
with photoresist, except for the 10µm overlap region at
the outer edge of the ground conductors. We cleaned the
unprotected wafer surface and at the same time removed
about 200 nm of niobium (including a possible oxide-layer
on top of the niobium) in the overlap region by a com-
bination of Ar ion milling and SF6 reactive ion etching.
Afterwards, we in-situ deposited the titanium adhesion
layer by electron beam evaporation and the gold layer by
dc magnetron sputtering. Finally, we removed photore-
sist, Au and Ti on the superconducting parts by means
of a lift-off process in warm acetone and cut the wafer
into single 12× 4 mm2 chips.
For the resonator characterization, the chips were
mounted into individual, but identical brass boxes. We
used silver paste to connect the ground-planes at their
edges to the box walls and to connect the on-chip feed-
lines to the center pin of SMA (Sub-Miniature A) con-
nectors going through the box walls. In order to inves-
tigate the resonators in an external magnetic field per-
pendicular to the chip, the boxes were mounted into the
center region of a pair of Helmholtz coils with −4 mT≤
B ≤ 4 mT. The box and coil configuration was built into
a dip-stick with two coaxial lines and dc cables for the
coil current. All measurements presented here have been
taken in liquid helium, i.e., at a temperature T = 4.2 K,
and after zero-field cooling. The microwave sent to the
resonator was generated by a microwave signal generator
and the transmitted power was measured with a spec-
trum analyzer. The resonance frequency f0(B) and the
quality factor Q(B) = f0(B)/∆f(B) were determined by
fitting the measured resonance curves with a Lorentzian
line and by extracting center frequency f0(B) and full
width at half maximum ∆f(B) from these fits.
The measurements have been taken with applied pow-
ers between Papp = −20 dBm and Papp = 0 dBm, leading
to an approximately 5-10 dB smaller Pin at the chip due
to cable and connector losses. While most of the char-
acterizations have been perfomed with Papp = −20 dBm,
for some measurements it has been necessary to increase
the power in order to have a reliably fittable resonance
curve for all magnetic field values. This was not only due
to a field induced suppression of the resonance curve, but
also due to different coupling strengths to the feedlines
as well as to a varying quality of the contacts between
SMA connector and lauch pads on the chip. Hence, we
have also checked the results regarding a possible power
dependence but did not find any significant change with
power in the investigated range.
III. QUALITY AND LOSS FACTORS
In this section, we present data regarding the abso-
lute quality factors Q with and without magnetic field
and compare Q and the field-induced loss factor 1/Qv
between N- and A-resonators for different geometrical
waveguide parameters.
Figure 2 shows, in direct comparison between N- and
A-resonators, the loaded quality factor Q vs applied
magnetic field B for three different IC resonator geome-
tries. For all three geometries, the quality factor of
the N-resonators gets significantly reduced with increas-
ing magnetic field, indicating additional losses induced
by Abrikosov vortices [34, 37], while Q(B) of the A-
resonators remains nearly constant. Regarding the com-
parison between theN- andA-resonator with S = 50µm,
cf. Fig. 2 (a), the N-resonator has a higher absolute Q
for all applied B values and we find similar results for
IC-40 and IC-30.
For S = 20µm and S = 10µm, however, the quality
factors of the A-resonators exceed the Q of the corre-
sponding N-resonators above a certain value of B, which
depends on S and is smaller for S = 10µm. Moreover,
the improvement in Q is not only shifted to a smaller B-
value for S = 10µm with respect to S = 20µm but also
the ratio between QA and QN increases with decreasing
S. This is observed for all S and can be attributed to
two different mechanisms.
The first mechanism is an increase of magnetic-field in-
duced losses with decreasing S for the N-resonators. We
determine the magnetic-field induced loss factor 1/Qv
from the quality factors in magnetic field Q(B) and
the quality factor in zero-field Q(B = 0) by 1/Qv =
1/Q(B)−1/Q(0), by which all field independent loss fac-
tors are eliminated. Figure 3 (a) shows 1/Qv for all five
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FIG. 2: (Color online) Comparison of absolute quality fac-
tors Q vs magnetic field B between N- and A-resonators for
three different geometrical parameters. All resonators are
inductively coupled and the center conductor width is (a)
S = 50µm, (b) S = 20µm, and (c) S = 10µm.
IC-N resonators vs magnetic field B. These data show
that with decreasing geometrical parameters the field in-
duced loss factor gets higher. Qualitatively and quantita-
tively we get almost identical results for the capacitively
coupled resonators, so – at least for N-resonators – the
coupling type does not have a significant influence on
the field-induced loss factor. The shown increase of field-
induced losses with decreasing S can be understood by
the fact that with decreasing S, also W gets smaller and
the field enhancement in the gaps gets higher. A higher
field enhancement lowers the value of the applied field,
at which the first vortices enter the sample. Moreover,
for a given B above the critical value for vortex pen-
etration, a stronger field enhancement also leads to an
increased number of vortices inside the superconducting
leads, which is connected to an increase of dissipation.
To illustrate the field enhancement in the gap and its
increase with decreasing geometrical parameters, we have
numerically calculated the static magnetic fieldBM in the
Meissner state for a superconducting geometry as shown
in Fig. 4 (a) by solving the Maxwell and London equa-
tions with the software package 3D-MLSI [49]. The ge-
ometry in Fig. 4 is a simplified version of our waveguide
structures with extended niobium ground-planes. For the
simulations, we have assumed an external magnetic field
of magnitude B0 applied perpendicular to the plane of
the superconductor with thickness 500 nm and a London
penetration depth λL = 120 nm. Figures 4 (c)-(g) show
the magnitude of the calculated field normalized to the
applied field around the center conductor and in partic-
ular inside the gaps for the three parameter sets corre-
sponding to N-50, N-30 and N-10. The shown results
clearly demonstrate the increasing field enhancement in-
side the waveguide gaps with decreasing S and W .
Finding a direct and quantitative relation between the
simulation results and the experimental data, however,
is difficult due to the difference between the calculated
field (Meissner state) and the vortex state responsible
for the observed losses. The field enhancement inside the
gaps might also not be the only mechanism contribut-
ing to the difference in the loss factors for different S
and W . A change of the geometrical parameters also
changes the microwave current density in the center con-
ductor and the ground-planes [50], and this change can
also have an influence to the field-induced losses, as in
general both, the vortex distribution due to the exter-
nal field and the microwave current density distribution
influence the amount of dissipation [41].
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FIG. 3: (Color online) Magnetic field induced loss factor 1/Qv
vs magnetic field B for IC-resonators with five different ge-
ometrical parameters. (a) shows data of resonators with ex-
tended superconducting ground-planes, (b) of resonators with
reduced superconducting ground-planes.
For the A-resonators, the field-induced losses shown
in Fig. 3 (b) are at least one order of magnitude smaller
than for the N-resonators and remain close to zero for
all investigated values of B. Only the A-resonator with
S = 10µm shows a small increase of 1/Qv for B & 2 mT
but the loss factor still remains a factor of ∼ 20 smaller
than 1/Qv of the corresponding N-resonator. These
low field-induced losses in the A-resonators indicate that
there is no significant amount of vortices present in the
superconducting leads. Again, this can be explained in
terms of the field enhancement in the gaps between center
and ground conductor, which is much smaller for the A-
resonators than for the N-resonators due to the reduced
width of the superconducting ground. So for the A-
resonators with G = 50µm wide superconducting ground
conductors, the field at the center and ground conductor
edges does not exceed the critical field for vortex penetra-
5FIG. 4: (Color online) N-type resonators: Simulation results
of the static magnetic field distribution for different waveg-
uide geometries in an external field. (a) shows a sketch of
the geometry, for which the field distribution has been cal-
culated. The transparent rectangle in the center indicates
the x-z-plane, for which the magnetic field is shown in (c)-
(h). The length of the structure was ls = 3 mm for all sim-
ulations, the total width w = 2 mm, the niobium thickness
dNb = 500 nm (from z = 0 to z = 500 nm) and the Lon-
don penetration depth λL = 120 nm. The externally applied
field was B0 in z-direction. (b) shows the color map used for
(c)-(h). (c)-(h) show the magnitude of the calculated field
|BM| normalized to the magnitude of the applied field B0 for
S = 50µm, W = 25µm [(c) and (d)], S = 30µm, W = 16µm
[(e) and (f)] and S = 10µm, W = 6µm [(g) and (h)]. In
(c), (e) and (g) black bars indicate the superconducting leads
(thickness not to scale) and the dashed boxes show the re-
gions in the gaps which are shown in more detail in (d), (f)
and (h).
tion (except maybe for S = 10µm). We note here, that
the same data for the CC-A-resonators show somewhat
higher values for 1/Qv, nevertheless still about one or-
der of magnitude smaller than the corresponding CC-N-
resonators. The small difference between IC-A and CC-
A in 1/Qv can be explained by the closed superconduct-
ing loops of the IC-resonators formed by ground-plane,
center conductor and coupling shorts, which are protect-
ing the resonator from the applied field by means of flux
conservation. In Sec. IV we will discuss this point in more
detail and also present field simulation results for geome-
tries resembling those of CC-A- and IC-A-resonators.
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FIG. 5: (Color online) Absolute zero-field quality factors of
three sample-sets of A-resonators plotted vs center conductor
width S. Each sample-set consists of five resonators with
different geometrical parameters. One sample-set consists of
capacitively coupled resonators (CC-A, large symbols) and
two sets consist of inductively coupled resonators (IC-A1 and
IC-A2, medium and small symbols).
The second mechanism, which is responsible for the
observations presented in Fig. 2, is related to the zero-
field quality factor of the A-resonators depending on S.
Figure 5 shows Q(0) of three sets of A-resonators plot-
ted vs center conductor width S. Two of the sample-
sets consist of inductively coupled resonators, and one of
capacitively coupled resonators. The data reveal, that
resonators with identical S have a similar absolute Q,
independent of coupling type, and the quality factors in-
crease with decreasing S from Q ≈ 2500 for S = 50µm
to Q ≈ 6000 for S = 10µm.
The increase of Q(0) with decreasing S for the A-
resonators is related to a reduced impact of the normal-
conducting parts with increasing distance relative to S
and W . As the microwave fields in a superconduct-
ing coplanar waveguide are confined to a smaller volume
around the center conductor, i.e., are decaying faster with
distance, when S and W are smaller (cf. e.g. Ref. [50]),
also the microwave current density related to these fields
induced at a given distance from the edge of the ground-
plane gets smaller. Hence, the contribution of a lossy
material such as a normal conductor, gets reduced with
increasing relative distance to center conductor and gap.
We mention the possibility here, that also the inter-
face between the Nb and the TiAu parts contributes to
the overall Q. Fabricating the same resonators without
etching into the Nb parts in the overlap region before
depositing in-situ Ti and Au leads to zero-field quality
factors, which are about one order of magnitude smaller
than those shown in Fig. 5. So it is not completely clear,
if the values shown in Fig. 5 are limited by the resistivity
of Ti and Au or if a different treatment of the interface
region could lead to even higher absolute Qs of the A-
resonators.
The main result of this section is the observation
6that the magnetic-field induced losses in superconduct-
ing coplanar microwave resonators can be reduced by at
least one order of magnitude when field-focussing into
the waveguide gaps is suppressed by means of reducing
the area of the superconducting ground-planes. This re-
sult is independent of the presence of normal-conducting
ground-plane extensions and could be fully exploited in
future devices by working without normal conducting el-
ements. In the devices for the present experiment, how-
ever, we replaced the removed superconducting parts by
normal-conducting ground-planes in order to keep the
geometry unmodified, hereby adding another loss chan-
nel. We demonstrated clearly that the new loss chan-
nel – when full ground-planes are needed for the device
– can be controlled by adjusting the relative distance
between the coplanar waveguide center and the normal-
conducting parts. For the narrowest center conductor
widths used (S = 10µm and S = 20µm), we observe that
the total quality factor including the normal-conductor
losses can be up to a factor of three higher than that
of its purely superconducting counterparts in the bulk
of the investigated magnetic field range. Additionally,
in terms of total zero-field losses, even the resonator
with the highest additional losses induced by the normal
conductors outperforms similar, highly optimized purely
normal-conducting devices by an order of magnitude [51].
IV. FREQUENCY SHIFTS AND HYSTERESIS
EFFECTS
In this section, we discuss the shift of the resonance fre-
quency induced by the external magnetic field. Regard-
ing this shift, we do not only find differences between N-
and A-resonators, but also between inductive and capac-
itive coupling. Moreover, we use the different hysteretic
behaviours of the different resonator types to analyze the
mechanisms behind the presented results in more detail.
In general, there are two magnetic field related mech-
anisms, which can contribute to a shift of the resonance
frequency of superconducting coplanar resonators. One
of them is a change of the kinetic inductance (and thus of
the total inductance) due to Meissner currents circulating
in the superconductor. This effect can be described by
nonlinear London equations and leads to a non-hysteretic
quadratic shift of the resonance frequency with applied
magnetic field [36, 38]. The second mechanism is related
to the presence of Abrikosov vortices in the supercon-
ductor, which not only add losses but also a reactive
component [29–31, 37]. If the superconductor has in-
trinsic defects, the Abrikosov vortices are pinned and the
vortex related frequency shift is found to be hysteretic
during a cycle of the static external field. The details of
the frequency shift and the hysteresis related to vortices
depend on several parameters as field orientation with
respect to the superconducting film, on resonator geom-
etry as well as on the vortex distribution inside the film
and the microwave current density distribution [41].
Figure 6 (a)-(d) shows the magnetic field induced rel-
ative frequency shift δf(B) = (f0(0)− f0(B)) /f0(0) for
four different N-resonators (two IC, two CC) during a
cycle of the magnetic field from B = 0 to B = 4 mT
to B = −4 mT and back to B = 0. As always in this
paper, the resonators were first cooled to T = 4.2 K in
zero magnetic field and afterwards the magnetic field was
applied and swept without changing the temperature, in
particular without increasing the temperature above the
transition temperature again.
For all four resonators, the frequency shift increases
monotonously but nonlinearly during the virgin field up-
sweep. During the downsweep from 4 mT to −4 mT,
however, the shift first reduces faster than it increased
during the upsweep and after going through a minimum
at still positive values of B ≈ 2 mT, it increases again
until the sweep direction is returned. The final upsweep
from B = −4 mT to B = 0 resembles the behaviour
during downsweep and if the amplitude of the sweep
is not changed, the shift remains on this butterfly-like
curve, also for repeated up- and downsweeps between
+4 mT and −4 mT. Such curves have been reported ear-
lier for CC resonators with the same layout as used here
(Fig. 1 (a)) and the observed shape has been explained
by a combination of a highly inhomogeneous microwave
current density and the Bean model for film geometries
[52, 53], for details see Ref. [41].
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FIG. 6: (Color online) Relative frequency shift δf (for defi-
nition see text) vs magnetic field B for a magnetic field cycle
0 mT→ 4 mT→ −4 mT→ 0 mT of four different N-type res-
onators. (a) shows δf for a CC-50, (b) for an IC-50, (c) for a
CC-20, and (d) for an IC-20 resonator. Arrows indicate sweep
direction.
We observe, that the shape of the frequency shift hys-
teresis looks very similar for all CC-N-resonators, inde-
7pendent of S, the main difference between different S is
the magnitude of the shift, which increases with decreas-
ing center conductor width, cf. Fig. 6 (a) and (c). This
observed increase of δf with decreasing S again can be
attributed to the field enhancement in the gaps, which
gets stronger with smaller W .
The frequency shift and the shape of the hysteresis of
the IC-N resonators, cf. Fig. 6 (b) and (d), are very sim-
ilar to the ones of the CC-N resonators. The absolute
values of δf during the virgin upsweep, the minimum
values during downsweep and the shape of the hystersis
loop are almost identical for IC and CC. A closer look,
however, reveals two small but systematic differences be-
tween CC and IC resonators.
The first difference occurs after turning the sweep di-
rection at B = ±4 mT. Immediately after the turn, δf of
the CC-resonators reduces considerably while the curve
of the IC resonators shows nearly flat plateaus, where
δf is only weakly dependent on the external field. This
effect is more pronounced for S = 50µm, where the
plateaus consist of four data points, but it is also present
for S = 20µm, where the plateaus consist of two points.
A similar effect can also be seen after starting the virgin
field sweep at B = 0. There, δf of the CC-resonators in-
creases almost immediately, while δf of the IC-resonators
remains very small for a few data points.
The second difference between CC and IC is the
smoothness of the measured curves. For the IC res-
onators, the data points seem significantly more scat-
tered (or ”noisy”), which also is more pronounced for
the IC-resonator with the wider center conductor. This
noisiness, however, is not due to worse Lorentzian fits
or similar uncertainties during the measurement or data
evaluation.
We attribute both, the small plateaus after turning the
field sweep direction and the noisier curves, to the exis-
tence of closed superconducting loops in the IC resonator
geometry. The coupling shorts together with the center
conductor and the ground-planes form two closed loops,
and flux conservation is given for these loops until the
circulating supercurrents around them exceed the criti-
cal current or vortices break into the loops by means of
flux avalanches. What is mainly relevant for field-induced
losses and frequency shifts, however, is the magnetic field
in the gaps between center conductor and ground-planes
and at the edges of center conductor and ground conduc-
tor, respectively, where the microwave current density is
peaked [36, 41]. If the gaps are shielded by flux con-
servation, the local magnetic field at the edges of center
conductor and ground-planes is not equal for IC- and
CC-resonators. The total flux and the average field in
the closed loops of the IC-resonators changes stepwise
each time flux breaks in, most probable when the critical
current of the coupling shorts is reached. This effect will
be illuminated in more detail below, where we discuss δf
of the IC-A-resonators.
First, however, we present δf for the five CC-A-
resonators in Fig. 7. The data in Fig. 7 have been taken
during a full field cycle identical to the one used for the
N-resonators. But the frequency shift behaves very dif-
ferently here. Independent of the center conductor width,
there is no hysteresis visible, but only a reversible and
quadratic shift with B, indicating that no vortices pen-
etrate the superconductor. Such a quadratic shift of the
resonance frequency with the external field has been ob-
served before and has been explained by the nonlinear
Meissner effect [36], i.e., by the fact that the magnetic
penetration depth and hence the kinetic inductance de-
pend quadratically on the external magnetic field. The
absence of a hysteresis is perfectly consistent with the
observation that the Q factors of the A-resonators are
nearly constant in the investigated field range as dis-
cussed in Sec. III. We observe, that with decreasing
gap width W , the field induced frequency shift increases
which again can be understood by an increased field en-
hancement in the gaps with shrinking W in combination
with a geometry dependent microwave current density
and kinetic inductance fraction [50].
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FIG. 7: (Color online) Relative frequency shift δf vs mag-
netic field B for a magnetic field cycle 0 mT→ 4 mT→
−4 mT→ 0 mT of five different CC-A-resonators with S =
50, 40, 30, 20, 10µm.
When compared with the corresponding N-resonators,
δf of the A-resonators is smaller by a factor of ∼ 5,
demonstrating that a non-negligible fraction of δf in
the N-resonators is provided by Meissner currents and
the frequency shift of the N-resonators is not exclusively
caused by vortices. A clear separation of the shift induced
by Meissner currents and the shift induced by vortices,
however, is difficult for our sample geometry, because for
N-resonators the field focusing factor depends strongly
on the position along the resonator due to a position de-
pendent ground-plane width, cf. Fig. 1 (a).
Finally, we present results on δf for two IC-A-
resonators (S = 50µm and S = 10µm) in Fig. 8. The
frequency shift for the resonator with S = 50µm shows
no hysteresis and a small quadratic shift similar to its CC
counterpart. However, the magnitude of the shift is ap-
proximately one order of magnitude smaller than for the
corresponding CC-resonator, cf. Fig. 7. We think that
8this is once more a consequence of the closed supercon-
ducting loops, which keep the total flux in the loops zero
for the investigated field range. If the interior of the loop
is shielded, the local field and the Meissner currents at
the sensitive inner edges of the loop, i.e., where the mi-
crowave currents are maximum, are significantly smaller
(though still finite) than without the shielding effect of
the loop as for the CC-resonators.
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FIG. 8: (Color online) Relative frequency shift δf vs magnetic
field B for a magnetic field cycle 0 mT→ 4 mT→ −4 mT→
0 mT of two different IC-A-resonators with S = 50µm and
S = 10µm. Arrows indicate sweep direction.
This shielding effect can also be seen in the results
of numeric magnetic field calculations shown in Fig. 9,
where for two geometries (S = 50µm and S = 10µm)
the static magnetic field in simplified CC-A- and IC-A-
resonator structures is shown in a direct comparison be-
tween CC and IC layout. If the field inside the gaps of the
structure shown in Fig. 9 (a) (CC) is calculated, we find
an enhancement of the applied field as shown in (d), (e)
and (h), (i). As mentioned earlier, this field enhancement
is significantly smaller than for extended ground-planes,
cf. Fig. 4. If, however, the structure shown in Fig. 9 (b)
is used for the simulations, which resembles an IC-A res-
onator with closed superconducting loops, we find the re-
sults presented in (f), (g) and (j), (k) with comparatively
small magnetic field values inside the gaps. Instead, the
field enhancement at the outer edges of the narrow Nb
ground conductors gets significantly higher for the IC
geometry. There, however, the effective field has a much
smaller influence on the resonator properties, because the
microwave field and currents are mainly confined to the
center conductor and gap region.
What furthermore supports our interpretation taking
into account the closed loops, is the shape of the δf hys-
teresis for the IC-A-resonator with S = 10µm, cf. the
diamond shaped data points in Fig. 8. For small fields,
the shift is on the same small order of magnitude than
for S = 50µm, but at B ≈ 1.6 mT, a sudden jump oc-
curs, after which the shift stays nearly constant until
a second jump occurs at B ≈ 2.3 mT. During the field
cycle and in particular immediately after the sweep di-
rection turning points, some more similar plateaus and
FIG. 9: (Color online) A-type resonators: Simulation results
of the static magnetic field distribution for different waveguide
geometries. (a) and (b) show sketches of the two different
types of geometries, for which the field distribution has been
calculated. The transparent rectangle in the center indicates
the x-z-plane, for which the field is shown in (d)-(k). The
length of the structure was ls = 3 mm for all simulations,
the niobium thickness dNb = 500 nm (from z = 0 to z =
500 nm) and the London penetration depth λL = 120 nm.
The externally applied field was B0 in z-direction. (c) shows
the color map used for (d)-(k). (d)-(k) show the magnitude
of the calculated field |BM| normalized to the magnitude of
the applied field B0 for S = 50µm, W = 25µm, G = 50µm
[(d)-(g)] and S = 10µm, W = 6µm, G = 50µm [(h)-(k)].
(d), (e), (h) and (i) show results for the CC geometry, (f),
(g), (j) and (k) for the IC geometry. In (d), (f), (h) and (j)
black bars indicate the superconducting leads (thickness not
to scale) and the dashed boxes show the regions in the gaps
which are shown in more detail in (e), (g), (i) and (k).
jumps occur, which are reproducible for a certain sam-
ple but which vary between different samples. We ob-
serve that such jumps only occur for S = 10µm and
less pronounced for S = 20µm, what can be under-
stood by estimating the critical current of the inductance
shorts, which gets smaller with decreasing S due to a de-
9creased width XL. With a typical critical current density
jc ≈ 4 · 106 Acm−2 of our Nb films at T = 4.2 K, the
critical current of a coupling short with XL = 30µm
and XL = 6µm, respectively, is Ic50 ≈ 600 mA and
Ic10 ≈ 120 mA (dNb = 500 nm).
From our simulations, we also determined the total
current per mT around the loops for the different S and
W . For S = 50µm, we obtain I/B50 ≈ 95 mA/mT and
I/B10 ≈ 45 mA/mT for S = 10µm, which implies that
for S = 50µm the critical current of the coupling shorts is
higher than the current they have to carry at B = 4 mT,
whilst for S = 10µm the critical current is reached at
B ≈ 2.7 mT. As this consideration is not meant to be
a precise analysis but more an estimation to see if our
interpretation is reasonable, we do not go further into
detail here.
With this latter discussion in mind, we turn back to
δf of the IC-N-resonators, where we have found simi-
lar small plateaus and a kind of noise in the hysteresis
curve, cf. Fig. 6 (b), (d) and the corresponding discussion
in the main text. According to our interpretation of the
hysteresis for IC-A-10, jumps and plateaus are related
to exceeding the critical current of the inductance shorts
and flux conservation in the loops. For IC-N-resonators,
the effective area Aeff of the closed loops is much larger
than for the A-resonators, implying that a much larger
net current I = B·Aeff/L has to circulate around the loop
for a given external field in order to ensure flux conserva-
tion. For our geometry, this effect is even more enhanced
by a slightly decreasing loop inductance L with increas-
ing ground conductor width. An increased circulating
shielding current per unit field in turn means, that the
critical current of the inductance shorts is reached at a
much smaller value of the applied field and the field in
the loops is nearly following the external field. Such an
interpretation is also consistent with the observation that
the plateaus and the noisiness are more distinct for the
wider center conductor, because the smaller the center
conductor is, the smaller is the field change, for which
the shorts can shield the loop.
The results presented in this section demonstrate, that
the magnetic field induced frequency shift in supercon-
ducting coplanar resonators can be reduced by more
than one order of magnitude with inductive coupling
and reduced superconducting ground-planes compared to
resonators with extended superconductor ground-planes.
Depending on coupling type, geometrical parameters and
superconducting ground-plane width, the resonance fre-
quency shift varies over almost two orders of magnitude
and is dominated by different mechanisms for different
resonator types. For capacitive coupling and narrow su-
perconducting ground-planes, the shift is quadratic with
the external field, caused by Meissner currents, and shows
no hysteresis, independent of center conductor width. In-
ductively coupled resonators with reduced superconduct-
ing ground-planes show the smallest shift due to flux con-
servation in the closed superconducting loops. The shift
here is also caused by Meissner currents, but is more com-
plicated and hysteretic for narrower waveguides due to
abrupt changes of the total flux inside the loops. In res-
onators with extended superconducting ground-planes,
Meissner currents (CC and IC) and flux conservation (IC
only) contribute also to the field induced frequency shift,
but the dominant mechanism are Abrikosov vortices pen-
etrating the sample. The vortices lead to a significant
hysteresis, which is qualitatively nearly independent of
coupling type and geometrical parameters.
V. CONCLUSIONS
In this work, we have presented a comprehensive exper-
imental study on superconducting coplanar microwave
resonators in external magnetic fields and investigated
systematically the influence of reduced superconducting
ground-plane areas as well as of the coupling type on
field-induced changes of quality factor and resonance fre-
quency.
We reported that by using reduced superconducting
ground-plane areas the magnetic-field induced losses can
be reduced by more than one order of magnitude for per-
pendicular magnetic fields in the mT range. We attribute
this significant loss reduction to reduced field-focussing
into the waveguide gaps, which is additionally supported
by the experimentally found dependence of the losses on
waveguide gap width as well as by numerical simulations.
In addition to the significant reduction of losses by pre-
venting Abrikosov vortices from entering the resonator,
the sensitivity of the resonance frequency to magnetic
fields can be suppressed by another order of magnitude,
if instead of the usual capacitive coupling an inductive
coupling approach is used. The inductive coupling shorts
hereby form closed superconducting loops, which shield
the waveguide gap interior from the magnetic field by
means of flux conservation as shown by numerical simu-
lations.
In our experiments, we did not only remove parts of the
superconducting ground-planes, but we replaced them
with a normal conductor to ensure identical resonator
modes and to suppress massive and systematic parasitic
resonances appearing without proper grounding [46, 54].
Thus, we also characterized the additional losses induced
by the normal conductors and demonstrated that, de-
pending on the waveguide geometry, the total quality
factor of a superconductor/normal-conductor hybrid res-
onator in a magnetic field can be significantly higher than
both, the quality factor of purely superconducting res-
onators as well as the typical quality factor of purely
normal-conducting resonators.
The use of normal-conducting components, however,
might not be necessary in general and a purely super-
conducting resonator with small ground planes and in-
ductive coupling would in fact profit most from care-
fully engineered field-focussing and by taking advantage
of flux screening by means of inductive coupling. Our
findings thus pave the road towards implementing these
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optimization strategies into purely superconducting de-
vices. Finally, our strategies can be combined with ear-
lier approaches to improve superconducting resonators in
magnetic fields such as patterning microholes or slots as
pinning sites for vortices into the sample.
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Supplementary Material for: Improving superconducting resonators in magnetic fields
by reduced field-focussing and engineered flux screening
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Spectra of resonators without normal-conducting ground-plane extensions
In the main text, we describe measurements on coplanar microwave resonators which have been fabricated by a
combination of superconducting and normal-conducting films. These resonators consist of a superconducting center
conductor with width S and superconducting ground conductors on both sides of the center conductor, but the
superconducting ground conductors have only a width of G = 50µm. The rest of the ground-planes is made of a
normal-conducting film, cf. Fig. 1 (c), (d) of the main text. The width of the gap between center conductor and
ground planes is W . Here, we show and discuss the transmission spectra of resonators with G = 50µm but without
the normal-conducting parts. As a consequence of not having the normal-conducting parts, the ground conductors
are only connected to the sample box at the transition from the microwave connectors to the chip.
Figure S1 shows in direct comparison the transmitted microwave power for three different resonator configurations.
The black line with a constant background transmission of ∼ −88 dBm shows the spectrum of an inductively coupled
resonator with S = 50µm and superconducting ground-planes to the edge of the chip (IC-N-50, cf. main text). At
the chip edge, the ground-planes are everywhere around the chip connected to the sample box walls by means of silver
paste. The spectrum shows three very pronounced transmission peaks around 3.3, 6.6 and 9.9 GHz, which correspond
to the first three modes of the λ/2 resonator. Except for some small spurious resonances far away from the resonator
peaks, the transmission is completely suppressed.
FIG. S1: Transmission spectra of three different microwave resonators between 3 GHz and 10 GHz. The resonator with large
ground-planes has S = 50µm and W = 25µm. The two resonators with small superconducting ground conductors have
S = 50µm, W = 25µm and G = 50µm. The applied power was Papp = −20 dBm, measurement temperature was T = 4.2 K
and applied magnetic field was B = 0. The mode number of the resonator with full ground-planes is indicated by n.
A very different transmission is observed for the two resonators with narrow ground-planes. There is a large
transmission over almost the whole frequency range; for certain frequency ranges the transmission is even orders of
magnitude higher than the transmission in resonance of the full-ground sample. This observation reveals that for
small ground-planes the microwave finds a way around the waveguide resonator through the box. Most probably the
microwave fields occupy the whole box volume, which is very unfavorable for any kind of experiment, where mode
selectivity or spatial field confinement is desired or necessary.
From the large and broad transmission peaks between 5 and 6 GHz and another increase around 10 GHz, we come to
the conclusion that low quality factor box resonances are probably responsible for this high broadband transmission.
These box resonances, however, are not just a background but they are coupled to the coplanar microwave structure.
They depend on its geometry and coupling type, which is revealed by the differences in frequency and width of the peak
for the two different resonators. It is important to note, that the geometrical difference between the two coupling types
is very small compared to the chip or the box dimensions. What is important is the change of boundary conditions
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2due to the different coupling types, and this change of boundary conditions is significant and has an influence on the
transmission over the complete frequency range.
The difference in transmission between the inductively coupled and the capacitively coupled resonator is systematic
and qualitatively reproducible for identical boxes, mountings and resonator layouts, so it is not related to different
qualities of the transition from the SMA connectors to the chip or other non-systematic variations between different
chips. For other resonator layouts, other cross-sectional parameters, and other box geometries, however, also the
background transmission changes significantly (data not shown here).
The presence of the box modes and the fact that they are coupled to the coplanar microwave structures, however, has
another consequence. Around the resonance frequencies of the full-ground coplanar microwave resonator (indicated
with n = 1, 2, 3 in the figure), resonance signatures also appear in the transmission spectra of the small-ground
samples. But they are significantly distorted in magnitude and frequency. This distortion reveals that we do not see
bare coplanar waveguide resonances anymore; the coplanar resonators are reactively and dissipatively loaded by the
box walls. Thus, a fair comparison between these loaded modes and the bare coplanar waveguide modes with respect
to the impact of magnetic fields is not possible. How the coplanar waveguide resonances are loaded and how the
resonance frequencies and quality factors are shifted, however, depends on mode shape, box shape, coupling type and
probably more, i.e., on many parameters of the complete system.
In conclusion we state, that without a proper grounding of the waveguide ground conductors, the transmission
becomes sensitive to many parameters of the system and the resonances can not be attributed to the coplanar waveg-
uide structure alone anymore. When using normal-conducting ground-plane extensions, however, the background
transmission is suppressed again to the level of the resonator with full ground and the resonance frequencies are back
at their designed positions, independent of coupling type, mode number etc. The implementation of our approaches
without normal-conducting elements thus requires also a careful consideration of sample holder design, chip mounting
and resonator layout.
